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Due to the expanding applications of icosahedral carboranes in medicinal and materials chemistry research,
their functionalizations have become one of the central themes in boron-rich cluster chemistry. Although
several strategies for incorporating nitrogen-containing nucleophiles on a single boron vertex of the
icosahedral carboranes (C,B1gH31,) have been developed, methods for preparing clusters with vicinal B—N
moieties are still lacking. The steric bulk of icosahedral carboranes and disparate electronic and steric
nature of the N-containing groups have rendered the vicinal diamination challenging. In this article, we
show how a developed Pd-catalyzed process is used to incorporate an array of NH-heterocycles,
anilines, and heteroanilines with various electronic and steric profiles onto the vicinal boron vertices of

a meta-carborane cluster via sequential or one-pot fashion. Importantly, oxidative cyclizations of the
Received 3rd April 2024 B l duct ith indol d l ded to b i t ’ L
Accepted 28th May 2024 cross-coupling products with indoles and pyrroles appended to boron vertices generate a previously
unknown class of all-boron-vertex bound carborane-fused six- and seven-membered ring heterocycles.

DOI: 10.1039/d4sc02214a Photophysical studies of the meta-carborane-fused heterocycles show that these structures can exhibit
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Introduction

Difunctionalization of two-dimensional aromatic compounds
to generate vicinal C-N bonds has proved to be a powerful
strategy to increase molecular complexity," and these ortho-
diamine moieties have been found in natural products, phar-
maceuticals, and multifunctional polymers.> In these struc-
tures, arene or heteroarene rings are crucial for supporting the
N-substituents, and the proximity of these polar groups is
usually essential to confer high-affinity binding interactions
with biological targets (Fig. 1A, left).> Generally considered as
three-dimensional analogs of benzene,* but with significantly
larger van der Waals volume (143 A for meta-carborane and 79 A
for benzene),” icosahedral closo-dicarbaboranes (colloquially

“Engineering Research Center of Pharmaceutical Process Chemistry, Ministry of
Education, School of Pharmacy, East China University of Science and Technology,
130 Meilong Road, 200237, Shanghai, China. E-mail: xinmu@ecust.edu.cn
*Functional Coordination Material Group-Frontier Research Center, Songshan Lake
Materials Laboratory, Dongguan, Dongguan 523808, Guangdong, China. E-mail:
zouchao@sslab.org.cn

‘Department of Chemistry and Biochemistry, University of California, Los Angeles, 607
Charles E. Young Drive East, Los Angeles, California 90095, USA

“California NanoSystems Institute (CNSI), University of California, Los Angeles, Los
Angeles, California 90095, USA. E-mail: spokoyny@chem.ucla.edu

°School of Biotechnology, East China University of Science and Technology, 130
Meilong Road, 200237, Shanghai, China

T Electronic supplementary information (ESI) available. CCDC 2323379, 2323380,
2323386-2323391, 2323393, 2323397 and 2323399. For ESI and crystallographic
data in CIF or other electronic format see DOI: https://doi.org/10.1039/d4sc02214a

10392 | Chem. Sci,, 2024, 15, 10392-10401

luminescence with high quantum yields and are amenable to further manipulations.

referred to as carboranes) represent an important subset of
boron-rich clusters and are emerging as interesting pharma-
cophore alternatives for drug discovery,””® and especially boron
neutron capture therapy (BNCT) agents that require a signifi-
cant payload of boron.” Functionalized carborane-based
compounds can also present opportunities for the construc-
tion of new classes of functional materials and catalysts in
which the inherent three-dimensionality of the building block
is structurally and/or functionally necessary.® Thus, site-
selective boron vertex-difunctionalization of icosahedral car-
boranes to install vicinal NH-heterocycles and other N-
containing nucleophiles is highly desired in new research
frontiers (Fig. 1A, right).

Early development of icosahedral carborane chemistry relied
heavily on deprotonation reactions of relatively acidic C-H
vertices (pK, ~ 20 for icosahedral ortho-carborane) followed by
the nucleophilic substitutions of the corresponding C-carbor-
anyl species.” Recently, two complementary strategies have
emerged as the mainstay of icosahedral carborane functionali-
zations on boron-based vertices: transition metal-catalyzed
carborane B-H bond activation'® and metal-catalyzed or medi-
ated cross-coupling reactions between halogenated carboranes
and nucleophiles.™ For the cross-coupling route, although the
reaction pattern is reminiscent of transition metal-catalyzed
cross-couplings between organic electrophiles and nucleo-
philes, the intrinsic low reactivity driven by steric bulk of the
surface B-halogen bonds on carboranes has made these
transformations uniquely challenging and distinct from their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(A) Established preparations for o-phenylene diamine structures and synthetically challenging carborane vicinal diamine structures for

generating N-B-B—-N moieties. (B) In Pd-catalyzed diamination reactions using 9,10-Br,-m-carborane 1 and heterocycles, the sterically
hindered biaryl monophosphine ligand could be detrimental to both coupling steps; triaryl phosphines serve as alternative less bulky ligands and
lead to the desired products. (C) Our developed reaction sequence of preparing symmetrical and unsymmetrical diaminated products using the
sequential or one-pot cross-coupling protocol using L5 as the optimal ligand. (D) The oxidative cyclization of the double cross-coupling
products affords previously unknown all-boron-vertex-bound carborane-fused six- and seven-membered rings.

arene-based counterparts. Furthermore, considering that
icosahedral ortho- and meta-carborane isomers have a distinct
propensity to undergo nucleophilic deboronation, the resulting
nido-carborane species have been shown to poison catalytic Pd-
based species, presenting an additional challenge in this
chemistry.'” Historically, boron-functionalized iodo-carboranes
were first used as the coupling partners in Pd-catalyzed cross-
coupling reactions due to the relatively weak B-I bond
strength compared to the corresponding B-Br/Cl bonds, where
Hawthorne and coworkers reported early examples of Pd-
catalyzed amination of meta and ortho iodo-carboranes under
mild conditions.*® In 2016, icosahedral B-bromocarboranes
were discovered to undergo efficient Pd-catalyzed -cross-
coupling reactions by employing bulky electron-rich biaryl
monophosphine ligands to support catalytically active
species."»'*'*> Despite the demonstration that this catalytic
reaction can engage B-bromocarboranes with several N-based
and other nucleophiles, methods for incorporating vicinal B-
N bond on carborane boron vertices are still challenging due to
the steric bulk of the carborane scaffold and the steric

© 2024 The Author(s). Published by the Royal Society of Chemistry

hindrance from the incoming NH-heterocycles; and for the
transition metal-catalyzed B-H bond activation strategy specif-
ically, only one B-N bond can be produced using electrophilic
aminating reagents and several electron-poor sulfonyl azides as
the nitrogen source, leaving a large swath of electron-rich NH-
heterocycles unavailable for the carborane B-N bond
formation.'®*¢

To achieve vicinal diamination of icosahedral carboranes, we
employed 9,10-Br,-meta-carborane 1 as the model electrophile
and explored the feasibility of double cross-coupling reactions
with NH-heterocycles. In addition to the points described
above, several underlying challenges in the context of the
proposed cross-coupling chemistry need to be considered: (1)
although beneficial in the amination of 9-Br-meta-carboranes,
use of electron-rich biaryl mono-phosphine ligands could be
deleterious in this double cross-coupling reaction due to the
significant steric clash with the neighboring B-Br bond in the
first B-N couplings as well as the B-N couplings in the second
step; (2) potential B-Br bond isomerization (via cage-walking)
and debromination pathways induced by the use of biaryl

Chem. Sci., 2024, 15, 10392-10401 | 10393
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mono-phosphine ligands further complicate the reaction
outcome (Fig. 1B, top).">'* Nonetheless, many NH-heterocycles
are considered weakly coordinating nucleophiles towards the
Pd(u) center after the oxidative addition step, and bulky phos-
phine ligands are often required for successful reductive elim-
ination." We surmised that the electron-rich tri-arylphosphine
ligands could serve as competent ligand scaffolds to achieve
the vicinal B-N bond formations (Fig. 1B, bottom). In this
report, we have successfully identified a solution to the Pd-
catalyzed double cross-couplings of 9,10-Br,-meta-carborane
with diverse NH-heterocycles, anilines, and hetero-anilines. We
showed that by utilizing a trisubstituted triarylphosphine
ligand to support Pd-based catalysts, one can incorporate
structurally diverse indoles, carbazoles, pyrroles and anilines
onto the carborane neighboring B(9) and B(10) positions.
Substrates containing additional coordinating sites such as
pyrazoles and aminopyridines are compatible under the devel-
oped conditions. Importantly, symmetrical double cross-
coupling products can be obtained with excess nucleophiles
(Fig. 1C, top). Unsymmetrical doubly cross-coupled products
can also be produced sequentially by isolating the mono-
substituted intermediate and subjecting it to a second round of
cross-coupling with a different nucleophile. Notably, two NH-
heterocycles and anilines of disparate electronic and steric
profiles can be installed in a one-pot fashion (Fig. 1C, bottom).
Additionally, we were able to develop efficient protocols for
oxidative couplings of the C-2 positions of vicinal indoles and
pyrroles appended to B-based vertices in icosahedral meta-car-
boranes (Fig. 1D). This yielded previously unknown all-boron-
vertex-bound carborane-fused six- and seven-membered ring
heterocycles. Photophysical studies of carborane-fused hetero-
cycles show that these new heterocyclic structures can exhibit
high photoluminescence quantum yields.

Results and discussion
Ligand screening

By employing 9,10-Br,-meta-carborane 1 and indole N1 as the
cross-coupling partners, we examined a series of mono- and di-
phosphine ligands (Fig. 2, for details of the reaction screening,
see Table S1t). Besides the desired product 2a, mono-
substituted product 2b and debromination byproduct 3 were
also obtained during the ligand screening. Biaryl mono-
phosphine ligands L1-L3 all gave 2a in low yields. 2-Dicyclo-
hexylphosphino-2',4',6'-triisopropylbiphenyl ~ (Xphos,  L1)
generated slightly more 2b than when L2 and L3 were
employed. Utilizing L4 bearing a carbazole group also produced
2b as the main product. Triarylphosphine ligands L5-L7
bearing different numbers of electron-rich groups led to diver-
gent product distributions. For L5 with three ortho-methoxyl
groups, 2a was obtained in 73% GC yield (75% isolated yield)
with minimal by-product generation. In contrast, L7 with three
ortho-methyl groups instead of OMe produced 2b in only 34%
yield as the major product. To our surprise, diminished reac-
tivity was observed when L6 with two additional MeO groups
compared to L5 was tested. This result indicates that both
electronic and steric factors intricately contribute to the

10394 | Chem. Sci., 2024, 15, 10392-10401
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Fig. 2 Ligand screening for the Pd-catalyzed double cross-coupling
reactions between 1 and indole N1. Reaction conditions: 9,10-Br,-
meta-carborane 1 (0.1 mmol, 1.0 equiv.), indole (0.3 mmol, 3 equiv.),
10 mol% Pd(OAc), (0.01 mmol, 10 mol%), 20 mol% ligands (0.02 mmol,
20 mol%) and 1 mL DME at 100 °C for 12 h under a N, atmosphere. The
yields were determined by GC-MS analysis using decane as an internal
standard.
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efficiency of triarylphosphine ligands in the double cross-
coupling reactions. Diphosphine ligand L8 gave 2a in low
yields. For L9, higher selectivity for 2a than L8 was obtained,
albeit with low reactivity.

Substrate scope

Upon identifying L5 as a suitable ligand choice, we first evalu-
ated the generality of the developed catalytic system in the
symmetrical double cross-couplings (Fig. 3). Indole and carba-
zole derivatives bearing electron-rich and electron-deficient
functional groups are suitable nucleophiles in this reaction,
furnishing the desired vicinal B-N moieties with good to
excellent yields. Substrates with methoxy and benzyloxy groups
at indole C-5 positions (3a and 4a) gave 66% and 88% yields,
respectively. Indole-5-carboxaldehyde is compatible under the
developed conditions to give 6a in 32% yield. Tri-
fluoromethylated and fluorinated indoles are converted to the
double cross-coupled products 7a and 8a in moderate yields.
Indoles with C-4 substitution are also suitable coupling part-
ners (10a-13a). It is worth noting that boronic acid pinacol
esters can withstand the cross-coupling conditions. The struc-
tures of the double cross-coupling products were verified by 'H,
B/"B{'H}, and "C{'H} spectroscopy and high-resolution
mass spectrometry (HRMS). The structural identity was also
independently confirmed by single crystal X-ray diffraction
experiments. Indoles bearing C-4 and C-5 nitrile groups are
successfully converted to the corresponding products 14a and
15a in moderate to good yields. Carbazole and its derivatives
were suitable substrates, and difunctionalized products 18a-
21a can be building blocks for potential applications in optical

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02214a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 May 2024. Downloaded on 3/5/2026 2:43:14 PM.

(cc)

Edge Article

Pd(OAc)z (10 mo|%)
L5 (20 mol%)
K3PO, (4 5 eq)

DME, 100°C, 12h

H
~Br *

3 equiv

View Article Online

Chemical Science

> oAl
"Wl [EZB.
B N ome] ©OMe
' CLO
MeO LS

B &
1
N

A c’r_})gﬁ
C 2a, 75% Qj R = OMe, 3a, 66%

RF

?. Al CO,CH ol CHO =3
—’é‘—,\B.N { £ ;‘.BQB. . Laya's
=

1 1 BNE
=, 1 =,
. %g. N N N
o 1 ) ) /
cs 5a, 61% 6a, 32% =CF3, 7a, 57%
=0Bn, 42, 88%° g : HyCO,C OHC’ Ry =F 8a 45%
X ray structure of 3a o
vl oMe

(!

/l

S

'Z-W

J

13a, 24%

R = Me, 9a, 72%*
=F, 10a,83%
=Cl, 11a, 39%* CO,Me

12a, 82%

e} @

24a, 46%° X-ray structure of 24a

22a, X =H, 60%?
23a, X =F, 68%?

ek

2 Q 'NH <-{5~

& |>B= 1

e - NP
N

N oY
P @ ﬁ S i @
CO,Me ;‘ <, Bpin L% [ 34 .o 'l‘

:.’

1 =,

N #cu

QZ 4a, C-4: 72%"

15a, C-5: 75%"

?’_ Al
<575
| =

%)
.E @ 16a, 43%

X-ray structure of 13a

f 26a, 73%

25a 74%

CO,CH;

8
Q o NCQCN ne

N, N
\ HN-Boc
@ 1 YOy HiCOLC
O —_& 3002 HN-Boc CN
o
28a,54 % 29a, 70% 30a, 64% 31a, 51% 32a, 45%
Monosubstitution of 1 7
& : &AL
Y B8~ Br [} g~ Br
L ! L )
% e, ‘ @ (o %9 N
°9 Y
o

X-ray structure of 33b

33b, 36%

34b, 16%

X-ray structure of 34b

35b, 24%

Fig.3 Substrate scope of Pd-catalyzed symmetrical double cross-coupling reactions. Electron-rich and -poor indoles are compatible under the

developed conditions. Reaction conditions: 1 (0.2 mmol, 1 equiv.), heterocycle (0.6 mmol, 3 equiv.), Pd(OAc),

(0.02 mmol, 10 mol%), L5

(0.04 mmol, 20 mol%), KsPO4 (0.9 mmol, 4.5 equiv.), DME (0.1 M, 2.0 mL), N, 100 °C, 12 h. Ellipsoids at 50% probability and all H atoms in single
crystal X-ray structures depicted are omitted for clarity. (a) Using t-BuONa as the base and dioxane as the solvent. (b) Using dioxane as the
solvent. (c) Using 1,3-bis(dicyclohexylphosphino)propane as the ligand. See the ESI} for reaction details.

devices. The compatibility of this catalytic system with an array
of indoles with diverse electronic features encouraged us to
explore the functional group tolerance under the current
conditions further. Sterically hindered indoles, challenging
substrates in Pd-catalyzed C-N bond coupling reactions, were
tested in the double cross-couplings with bulky B-Br bonds in 1.
Under the standard conditions, 2-methyl indoles gave 22a and
23ain 60% and 68% yields, respectively. These results represent
rare examples of cross-couplings of carborane-containing elec-
trophiles with sterically hindered nucleophiles. Methyl pyrrole
2-carboxylate was another suitable NH-heterocycle besides
indoles and carbazoles for the double cross-couplings to give
24a in 46% yield. Next, indoles with C-3 substitutions were

© 2024 The Author(s). Published by the Royal Society of Chemistry

examined. Reaction with ethyl indole-3-carboxylate gave 27a in
33% yields, suggesting that the weak nucleophiles are unfa-
vorable in the double cross-couplings since NH moieties are
more susceptible to electronic variations on the pyrrole ring of
indole substrates. Selective B-N over B-O bond formation was
obtained when tryptophol with a free hydroxyl group was
applied under the standard conditions, and the desired product
26a was obtained in 73% yield. Under standard conditions, two
3,3’-diindolymethane (DIM) molecules were incorporated to
produce 28a, and unprotected NH moieties are compatible
under the developed reaction conditions. There are two types of
NH units in melatonin and tryptophan methyl ester, and only
NH from the pyrrole ring reacted with 9,10-Br,-meta-carborane

Chem. Sci., 2024, 15, 10392-10401 | 10395
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to give 29a and 30a in 70% and 64% yields, respectively. Addi-
tionally, two electron-deficient anilines were also reactive to give
disubstituted carborane products 31a and 32a in moderate
yields. Excellent functional group compatibility during the
substrate screening prompted us to investigate the limitations
of this protocol further. By using 2-phenyl indole, only a mon-
osubstitution product 33b was obtained in 36% yield. 2,4-
Dimethyl pyrazole and 7-azaindole are challenging coupling
partners for the symmetrical double cross-couplings. Complex
reaction mixtures were observed, and we only isolated mono-
substituted products 34b and 35b in low yields. The structural
assignments of 34b and 35b were confirmed by single crystal X-
ray crystallography. These results might be attributed to the
extra basic nitrogen coordination sites for the Pd catalyst from
pyrazole and 7-azaindole that impeded the second-round cross-
coupling reactions.

Unsymmetrical difunctionalization would be an ideal
strategy for rapidly increasing icosahedral carborane diversity
as building blocks in materials and three-dimensional phar-
macophores.®™”>7*% However, existing methods are not capable
of introducing two NH-heterocycles and anilines of different
electronic and steric characteristics.'® First, we prepared the
monosubstituted product 3b in 62% yield using 5-methox-
yindole and 1.2 equivalents of 9,10-Br,-meta-carborane 1. Next,
we tested an array of NH-heterocycles, including 3,5-dimethyl-
pyrazole, methyl 2-pyrrolecarboxylate, substituted indoles, 7-
azaindole, and aniline derivatives for the second-round cross-
couplings. All tested coupling partners were successfully con-
verted to the desired products in moderate to good yields
(Fig. 4).

The structures of 37a and 42a were also crystallographically
determined which are consistent with the structural

IN]:

7 NH,
MeO. ‘ I,_r/_% NH s /\ll3
SFBg, @or SRy

< 7B\Br 1.0 equiv H N N
15 PdILS / PdILS Q/)
12equiv @ =CH)step 1~ MeO w step 2 MeO
N o
'g_‘i'; & /3 CO,Me O&‘/%a\"
BN <SZB, %
B” NTN Me B SN\ P
1 g ,5 . @ Q..\
N, me 'y ,
J J e ? &
MeO MeO’ & ¢°®

& ray structure of 37a

g

41a, 65%

K N= WAl R 7 \l
D SN

bll = N = N
o Jac
MeO’

R = CO,Me, 39a, 54% MeO
=CF; 40a,72%

42a, 68% X-ray structure of 42a 43a,61%
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assignment from the proton and heteronuclear NMR spectros-
copy. It is noteworthy that 3,5-dimethyl-pyrazole and 7-azain-
dole, unsuitable for symmetrical double couplings, were
successfully incorporated by reacting with 3b under slightly
tuned reaction conditions. With 2,4-dicyanoaniline as the
second nucleophile, diaminated meta-carborane 43a was ob-
tained in 61% yield. These encouraging results prompted us to
explore whether unsymmetrical double cross-couplings could
be achieved in a one-pot fashion (Fig. 5). The combination of
electron-rich indoles, carbazole derivatives with electron-
deficient indoles or anilines gave the unsymmetrically disub-
stituted carboranes in one step (44a-52a). Anilines of disparate
electronic characteristics are also operational coupling combi-
nations to produce the desired results (51a-52a). Exceptional
functional group compatibility was displayed when tryptophol
and tert-butyl carbamate was added in one pot as the nucleo-
philes. Both free hydroxyl from tryptophol and NH group from
the carbamate were retained and can be subjected to further
manipulations (50a).

Synthesis of carborane-fused heterocycles

Several previous studies have been dedicated to generating
icosahedral carborane-fused 2D carbo- and hetero-cycles as
extensions of the carborane scaffolds.”” These systems are
interesting as they can provide new insights into questions of
electronic delocalization between 2D and 3D aromatic scaffolds
and give rise to structurally new heterocyclic motifs.'®* However,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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all-boron-vertex-bound icosahedral carborane-fused heterocy-
cles bearing vicinal B-N bonds are still not accessible so far. We
proposed that the spatial proximity of the indole and pyrrole C-2
positions after the double cross-couplings might be beneficial
for the oxidative coupling reaction to synthesize a new class of
all-boron-vertex-bound meta-carborane-fused heterocycles. By
using I, as the oxidant and dichloroethane as the solvent,
icosahedral meta-carborane-fused six-membered heterocycles
53-58 were prepared in good to excellent yields from symmet-
rically and unsymmetrically cross-coupled products using
indole and its derivatives (Fig. 6A). The X-ray single crystal
structure of 53 suggests a coplanar geometry of the newly
formed six-membered ring and neighboring indole moieties
(Fig. 6B). The B(9)-B(10) bond length of the resulting hetero-
cycle is shorter than that of its uncyclized counterparts (1.754(6)
A, compared to 1.825(2) A for 42a and 1.8520(19) A for 47a). The
slight contraction of the B-B bond length may be attributed to
the ring strain of the planar hexagon configuration. Both N(1)-
B(9)-B(10)/N(2)-B(10)-B(9) angles are smaller than 120° (113.8°
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Fig. 6 The developed protocols for the synthesis of all-boron-vertex-
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ated. (B) Different angles of view of the X-ray single crystal structure of
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X-ray single crystal structure of 60, top and side views are provided. (D)
By using CAN, a dinitro-substituted six-membered heterocycle was
obtained. All H atoms in single crystal X-ray structures depicted are
omitted for clarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

and 114.5°, respectively), and the deviation is more significant
than C(2)-C(1)-N(1)/C(1)-C(2)-N(2) angles, which are slightly
larger than 120° (122.6° and 123.2°, respectively). The co-planar
geometry of 53 with the sum of internal hexagonal angles being
nearly 720° could be indicative of some degree of aromatic
features. The downfield shift of carborane CH proton signal
from 3.04 ppm for 2a to 3.11 ppm for 53 suggests a small
deshielding effect from the all-boron vertex bound six-
membered heterocycle. It is noteworthy that 37a, containing
one indole and one substituted pyrrole unit was also success-
fully cyclized to give 59 in excellent yield under the developed
cyclization conditions. Interestingly, when substrate 24a with
two C-2 methyl ester-substituted pyrroles was subjected to the
same conditions, a formal Friedel-Crafts type acylation took
place, and white solids with the carborane-fused seven-
membered ring 60 were isolated and characterized by the
NMR spectroscopy and single crystal X-ray crystallography. In
the crystal structure, the B-B bond length of the heterocycle is
1.778(2) A, longer than that of 53 (1.754(6) A), indicating
a reduced ring strain configuration. B(9)-N(1) is slightly longer
than B(10)-N2 (1.5088(19) A versus. 1.483(2) A), which can be
attributed to the steric and effects from the methyl ester group
(Fig. 6C). The seven-membered ring bent towards the carborane
moiety and the dihedral angle between the N(2)-B(10)-B(9)-
N(1) and N(2)-N(1)-C(2) planes is 144°, strongly deviating from
a coplanar geometry. When cerium(iv) ammonium nitrate
(CAN) was used as the oxidant, a dark red solid was obtained.
The structure of the dark red solid was identified as 61 with
a carborane-fused six-membered ring and one nitro group on
each pyrrole ring (Fig. 6D). In the crystal structure of 61,
a twisted hexagon was obtained with 15° twisting angle. The
B(9)-B(10) bond is the longest among the three crystal struc-
tures (1.794(3) A compared to 1.778(2) A for 60 and 1.754(6) A
for 53).

Photophysical studies

Having obtained the double cross-coupling products and
carborane-fused heterocycles, we were keen to benchmark their
fundamental photophysical properties. Photophysical data were
gathered for compounds 12a, 42a, 56, and 58 as a representative
series (Fig. 7 and S107). As depicted in Fig. 7A, the absorption
spectrum of the oxidative-cyclization product 56 in the
dichloromethane solution exhibits a significant redshift
compared to that of 12a. In addition, two new distinct fine-level
absorption peaks emerge at 396 nm and 418 nm, while the low-
energy absorption edge extends into the visible light range. This
suggests an increase in the conjugation system of 56 relative to
12a, leading to the corresponding redshifted emission peaks
(from 390 nm for 12a to 438 and 460 nm for 56). The prominent
vibrational emission peaks of 56 at 438 and 460 nm indicate
areduced level of structural distortion in its excited state due to
its significantly higher rigidity than that of 12a after oxidation-
cyclization. Consequently, the corresponding absolute
quantum yield (QY) in a dilute DCM solution also increases
from 0.50 for 12a to 0.79 for 56. The absorption and emission
spectra of both 12a and 56 exhibit significant overlap and
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Fig. 7 Electronic absorption (dashed line) and emission spectra (solid
line, excitation at 310 nm) in CH,Cl, solution (107> M) at room
temperature in air, for compounds: (A) 12a and its corresponding
oxidative cyclization product 56; (B) 42a and corresponding oxidative
cyclization product 58. Photo insets are DCM solutions of 12a, 56, 42a
and 58 (107> M, irradiated with UV light, Zexc = 365 nm).

a mirror relationship, respectively, and their emission lifetimes
() are in the range of a few ns. Additionally, their short Stokes
shifts suggest a fluorescent nature for these radiative decays.
The emission peak (388 nm) and shape of the 12a solid sample
are generally consistent with its single-molecule fluorescence in
dilute solution, while the emission peaks (470 and 500 nm) of
the 56 solid shift noticeably to the red compared to its dilute
solution (438 and 460 nm) (Fig. S161). Moreover, the corre-
sponding absolute QY of the 56 solid decreases more promi-
nently than 12a (0.24 for the 12a solid and 0.05 for the 56 solid,
see Table S15F for more details). This may be attributed to the
well-arranged planar fused-ring structures in 56, which may
tend to stack and exhibit aggregation-caused quenching (ACQ)
effects in the solid state. For another pair of compounds, 42a
and its cyclized derivative 58, a similar redshifted fluorescence
pattern is observed for the unsymmetrically disubstituted
product 42a and its cyclized form 58 (from 390 nm to 460 nm,
see Fig. 7B). Compound 42a with 5-methoxy indole and 4-
methyl indole carboxylate exhibits an absolute QY of 0.40 (t =
5.6 ns), while the carborane-fused product 58 with a more rigid
configuration yields an absolute QY of 0.82 (r = 3.0 ns) in
a dilute DCM solution. Overall, these results demonstrate that
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the new heterocyclic ring structures generated through con-
necting multiple boron vertices in carboranes via B-N bonds
can exhibit different photoluminescence properties by
changing substituents with diverse electronic effects on the NH-
heterocycles.

Conclusions

We have identified an efficient catalytic system using a Pd-
catalyst supported by the tris(o-methoxyphenyl)phosphine
ligand as the optimal system to synthesize a wide array of
densely functionalized icosahedral meta-carboranes with vicinal
B-N moieties. In this transformation, a variety of NH-
heterocycles such as electron-rich and deficient indoles,
carbazole and its derivatives, pyrroles and pyrazoles are
compatible under the developed conditions. Anilines and het-
eroanilines are also competent cross-coupling partners in this
transformation. Unsymmetrical double cross-couplings were
achieved in both sequential and one-pot fashion. Sterically
hindered indoles are also tolerated under the current condi-
tions to generate disubstituted products. The developed
strategy provides unprecedented functional group and steric
tolerance compared to existing icosahedral carborane func-
tionalization chemistry and sets the groundwork for poly-
functionalization chemistry of icosahedral carboranes via
metal-catalyzed cross-coupling chemistry. More importantly,
oxidative cyclization of the cross-coupling products has allowed
for the generation of a new class of previously inaccessible all-
boron-vertex bound six- icosahedral
carborane-fused heterocycles using either transition metal-
catalyzed B-H bond functionalization or cross-coupling strate-
gies. X-ray crystallographic analysis of the heterocycles dis-
closed several different structural configurations presented in
these heterocyclic rings including coplanar, twisted six-

and seven-membered

membered ring and non-planar seven-membered ring struc-
tures. Photophysical investigations of the icosahedral meta-
carborane-fused heterocycles indicated that these systems can
exhibit luminescence with high quantum yields and are
potentially amenable for extensive tuning resulting from the
identity of the heterocycle appended onto a boron cluster cage.
This work shows how metal-catalyzed cross-coupling can be
applied towards unconventional and challenging substrates
leading to the formation of never-before-seen heterocyclic
motifs with interesting photophysical properties.
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